Purpose {#sec1}
=======

Breast cancer is the most common malignancy among women all over the world. In 2015, there were about 2.4 million cases among the total population, including about 44,000 of male cases \[[@cit0001],[@cit0002]\].

Today, not all causes of breast cancer are known, but lifestyle and reproductive factors play a significant roles. Low screening rates and incomplete reporting can decrease breast cancer rates in developing countries, which can explain some of the differences. Breast cancer is the leading cause of cancer mortality among women around the world. The World Health Organization (WHO) declares that more than 2 million new cases and up to 600,000 deaths from breast cancer could be detected among people worldwide in 2018 \[[@cit0003],[@cit0004]\].

Currently, there are many different types of treatment for patients with breast cancer, including local (surgery, radiation therapy) and systemic (chemotherapy, hormonotherapy, and immunotherapy).

Therapeutic tactics should be individual, taking into account a number of prognostic factors. That is why it is so important to specify a direction of treatment, which can be radical, palliative, or symptomatic. In the preoperative period, it is necessary to assess the resorption degree of tumor and to determine the scope of surgery. After the operation and according to histological results, it is necessary to establish a post-operative treatment plan, with chemo-, hormonal, and/or radiation therapy.

Surgery, as the only method of treatment of patients with regional metastases, leads to frequent occurrence and reoccurrence of distant metastases. In order to improve the immediate and long-term results of surgical treatment, in 1901, the idea of using radiation therapy was developed \[[@cit0004]\].

The main types of post-operative irradiation are:

-   external beam radiotherapy (EBRT), with total dose of 45-50 Gy and single fraction of 1.8-2 Gy;

-   boost **--** additional dose to tumor bed complementary to EBRT of the whole breast (total dose ranges from 8 to 20 Gy);

-   brachytherapy, which can be carried out using high-, low-, or pulsed-dose-rate sources, delivered with single or multicatheter technique \[[@cit0005],[@cit0006]\].

Recent observations show a tendency towards significant rejuvenation of malignant tumors in this localization. That is why organ preservation treatments become more relevant and are essential to be developed \[[@cit0007]\]. Also, there is a tendency in minimizing treatment time, injury time, and toxicity, and this is why brachytherapy is the most promising method of treatment in the early stages. The main purpose of such irradiation is reducing the risk of local recurrence and sparing the surrounding normal tissues and organs at risk (OARs). Breast accelerated partial breast irradiation (APBI) has a number of potential advantages over whole breast EBRT:

-   possibility to start therapy in a few days after lumpectomy;

-   irradiation with a higher dose in a shorter period during post-operative therapy;

-   irradiation delivered to a small volume of breast around tumor bed;

-   significantly lower radiation exposure to OARs and normal tissues;

-   reduced amount of errors due to a source small step and anatomical changes (e.g., patient's breathing) \[[@cit0008]\].

The feasibility and efficacy of APBI were extensively evaluated in many scientific publications. Moreover, the advantages of application of this method for patients with early stage breast cancer were also presented, with different types of fractionations. The main ones included 8 × 4 Gy, 7 × 4.3 Gy (GEC-ESTRO recommendations), and 10 fractions of 3.4 Gy (ABS recommendations) per fraction twice a day, with a break of at least 6 hours as well as 7 × 5.2 Gy and 6 × 6 Gy fractions. In recent years, studies on single fraction irradiation of 16-20 Gy were published \[[@cit0006],[@cit0008],[@cit0009],[@cit0010],[@cit0011],[@cit0012]\].

In 2017, the protocol for the breast cancer treatment with high-dose-rate (HDR) brachytherapy in the mode of 10 × 3.4 Gy for 5 days, 2 fractions per day with a break of at least 6 hours was adopted.

Material and methods {#sec2}
====================

Between August 2017 and November 2018, twenty-five patients with T1N0M0 stage breast cancer were treated in the A. Tsyb Medical Radiological Research Centre -- branch of the National Medical Research Radiological Centre of the Ministry of Health of the Russian Federation.

Patients were selected by a multidisciplinary team, which consisted of the operating surgeon, mammologist, and radiation oncologist. The radiation oncologist examined the patients several days before the surgery, within a few days after, and at the patient's discharge. The spread of the tumor process was assessed by palpation, mammography, and ultrasound (US) examination. In all cases, the diagnosis was confirmed morphologically, the immunohistochemical test was carried out, and the molecular subtype of the tumor was determined. Such anamnesis is necessary to exclude relative and absolute contraindications for HDR APBI, including acute infectious disease, the presence of human immunodeficiency viruses (HIV), Wassermann reaction (RW), hepatitis B surface antigen (HbsAg), hepatitis C virus (HCV) in the acute stage, pregnancy or lactation, severe competing (somatic) diseases incompatible with brachytherapy, and mental illnesses that could lead to inability to comply allowed radiation doses for critical structures.

Selection criteria of patients were chosen after careful analysis of the GEC-ESTRO and the American Brachytherapy Society (ABS) recommendations as well as the results of other studies \[[@cit0006],[@cit0009],[@cit0010]\]. The final criteria are presented in [Table 1](#t0001){ref-type="table"}. Tumor and patients' characteristics are shown in [Table 2](#t0002){ref-type="table"}.

###### 

Patient selection criteria for accelerated partial breast irradiation (APBI) of breast cancer

  --- --------------------------------------------------------------------------------
  1   Age ≥ 50 years
  2   Tumor size ≤ 2 cm
  3   Invasive non-specific type of cancer, infiltrative non-specific type of cancer
  4   Grade I or II of malignancy
  5   The absence of lymph node lesions and distant metastases, N0 and M0
  6   Surgical margin: cancer not exposed, ≥ 3 mm
  7   Luminal A (ER+, PR+, Her2/neu+1) and luminal B (ER+/, PR+/, Her2/neu+1)
  8   Negative results for mutations of BRCA genes
  9   The Ki-67 ≤ 40%
  --- --------------------------------------------------------------------------------

ER -- estrogen receptors, PR -- progesterone receptors, Her2/neu -- human epidermal growth factor receptor 2, Ki-67 -- antigen identified by monoclonal antibody Ki-67

###### 

Patient and tumor characteristics

  --- ---------------------------------------------------------- -----------------------------------------------
  1   Age                                                        Mean: 65 years

  2   Tumor size                                                 Mean: 0.9 cm

  3   Type of cancer                                             Invasive non-specific type of cancer: 73%\
                                                                 Infiltrative non-specific type of cancer: 27%

  4   Degree of malignancy                                       I: 40%II: 60%

  5   The absence of lymph node lesions and distant metastases   100%

  6   Surgical margin: cancer not exposed, ≥ 3 mm                100%

  7   Luminal type of cancer                                     Luminal A: 80%\
                                                                 Luminal B: 20%

  8   Negative results for mutations of BRCA genes               100%

  9   Ki-67                                                      Mean: 11%\
                                                                 Median: 8%
  --- ---------------------------------------------------------- -----------------------------------------------

Before lumpectomy, all patients were sent for US examination, where it was necessary to put an intraoperative mark on the skin for operating surgeon and radiologist. After that, a spiral computed tomography (CT) scan was performed, with oncologist, radiologist, and medical physicist direct attendance. They determined the location and size of the tumor, and discussed the preliminary number of introducers and their configuration. The tumor with the capture of healthy tissue (at least one centimeter) and the sentinel lymph node are removed during the lumpectomy, and for more accurate positioning of the tumor during post-operative examination and planning, the surgeon must install the metal mark into the tumor bed.

A few days later, post-operative CT examination was carried out. At this stage, a medical physicist and oncologist assessed the introducers' location and started to create a treatment plan. However, the patient was finally allowed for irradiation only after it has been confirmed that there was a clear surgical margin and that there was no histological evidence of axillary metastasis.

It should be noted that the patient position during CT scan before and after surgery as well as throughout the treatment must always be the same.

The fractionation type and constraints of tolerant doses to the OARs were carefully thought over and developed after analyzing an international recommendations and discussing by the multidisciplinary team.

Doses are normalized in accordance with international standards. They are converted into an equivalent dose of 2 Gy per fraction (EQD2) using Formula 1:
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where *n* is the number of fractions, *d* is the dose per fraction (in Gy), and α/β is 3 for OARs and 4 for the tumor. There is vast amount of data on different values of the α/β for breast, but it is considered that this parameter is low enough to use higher doses in a shorter period of irradiation (hypofractionation).

The value of α/β = 4 was chosen as the most suitable, with the total dose and falling under the GEC-ESTRO recommendations \[[@cit0006],[@cit0008],[@cit0012],[@cit0013],[@cit0014],[@cit0015]\]. A model of fractionation agreed with the ABS recommendations: 3.4 Gy per fraction, 2 times a day for 5 days, with a break of at least 6 hours \[[@cit0010]\].

Initially, gross tumor volume (GTV) was drawn for modelling of the dose distribution. In our case, it was a nominal volume and position of tumor before surgery. Also, our GTV was nearly equal to the related target volume (ImTV) and estimated tumor bed (ETB) in the GEC ESTRO recommendations \[[@cit0016]\]. Mammograms, US, and CT images have provided important information about the tumor size and localization; the tumor affected quadrant, and the distances between tumor and skin and tumor and the chest wall were evaluated. After that, it was possible to consider catheter implantation. At the same time, the surgical bed mark placement helped to determine the tumor bed after lumpectomy on the axial CT images. It is important to note that catheters are installed during an open cavity surgery, and the target volume is better visible with a seroma. Unfortunately, the seroma is not always possible to visualize, as in our study on the post-operative CT examination few days after surgery.

The clinical target volume (CTV) was defined as GTV plus 1 cm radial expansion, and planning target volume (PTV) was CTV plus 0.5 cm in order to avoide possible errors in target positioning. [Figure 1A](#f0001){ref-type="fig"} shows the location of the tumor used for preoperative planning of introducers' installation. [Figure 1B](#f0001){ref-type="fig"} demonstrates the introducers' placement as well as the irradiation target contour. CTV and PTV were limited to the chest wall and were 5 mm below the skin surface \[[@cit0017]\]. The ribs, skin, and lungs were the main OARs, and were contoured in all cases. The heart and liver could be individually contoured depending on the tumor bed location.

![**A**) Computed tomography image of tumor position before lumpectomy; **B**) The contouring example of a patient after introducer administration. Purple line shows GTV, orange line is CTV, and red line is the contour of PTV. The arrow shows the intraoperative mark](JCB-11-37359-g001){#f0001}

To control the quality assurance of brachytherapy, dose restrictions were established. They are presented in [Table 3](#t0003){ref-type="table"}, and include D~mean~ and D~max~ to the OARs, where D~max~ is the dose at the hot point and it is calculated based on the dose-volume histogram (DVH).

###### 

Recommended dose-volume constraints for target volume and organs at risk (OARs)

  PTV                 Constraints \[cm^3^\]
  ------------------- -----------------------------------------------
  V~90~               ≥ 90 % absolute PTV volume
  **Organ at risk**   **Constraints (from prescribed dose) \[Gy\]**
  Skin                D~max~ ≤ 100%
  Ribs                D~max~ ≤ 145%
  Lung                D~max~ ≤ 60%
  D~mean~ ≤ 8%        
  Heart               D~max~ ≤ 50%
  D~mean~ ≤ 8%        
  Liver               D~max~ ≤ 60%

A device for contact radiation therapy GammaMedplus iX HDR/PDR aflerloader with a ^192^Ir source was used (Varian, USA) during the radiation therapy. The physical parameters of the source are presented in [Table 4](#t0004){ref-type="table"}. The medical physicist used volume optimization to PTV for breast brachytherapy planning and after that, the plan was improved manually. Dosimetric 3D-planning was carried out using TG-43 (BrachyVision planning system, Varian, USA).

###### 

Physical parameters for ^192^Ir

  Parameter                 Value
  ------------------------- -----------------
  Half-life                 2.4 months
  Initial source strength   370 GBq
  Dose rate constant        108 cGy/hU
  Air kerma rate constant   1.108 mGy/h
  E~max,β~                  0.675 MeV
  E~mean,β~                 0.181 MeV
  E~β~                      0.136-1.062 MeV
  E~mean,γ~                 0.375 MeV

Results {#sec3}
=======

Twenty-five patients were treated with HDR brachytherapy, including 9 patients with cancer of the left breast and 16 of the right breast. Median age was 65 years (range, 55-78). However, one patient was removed from the study due to the significant displacement of the mark. This fact did not allow to determine the target position accurately.

For 25 patients, the mean value of PTV was 56.28 cm^3^, the mean value of V~90~ was 91.50%, and the mean value of V~100~ was 89.50% for all patients. Occasionally, better values of V~100~ and V~90~ were changed in favor to reduce the dose to normal tissues and OARs ([Table 5](#t0005){ref-type="table"}). Skin and ribs were the main OARs. Based on the criterion adopted in the protocol, D~max~ attributable to the skin were not higher than 100% of the prescribed dose (34 Gy for the whole course). [Figure 2](#f0002){ref-type="fig"} presents DVH results of the skin for all of the 25 patients. D~max~ for patients' number 2, 10, and 24 were higher than allowable dose, and the total skin doses for these patients were 35 Gy (EQD~2~, 45.5 Gy), 35.2 (EQD~2~, 45.9), and 35.4 (EQD~2~, 46.3), respectively. The patient number 24 had a pigmentation, and the maximum excess of the skin dose over the allowable dose was 1.4 Gy (EQD~2~, 2.8 Gy). After 3 months of follow-up, no toxic effects of the skin were noted. [Figure 3](#f0003){ref-type="fig"} shows the radiation dose exposed to the ribs. The maximum dose for this OAR was 50.1 Gy (EQD~2~, 80.3) at the acceptable maximum of 49.3 Gy (EQD~2~, 78.2). Therefore, the excess of the dose did not exceed 1 Gy (EQD~2~, 2 Gy). At five months after the treatment, patient number 16 presented no toxic effects.

###### 

Values of the D~mean~ to organs at risk (OARs)

  Organ at risk    Mean value of dose for all patients \[Gy\]   Percentage of the prescribed doses \[%\]
  ---------------- -------------------------------------------- ------------------------------------------
  Heart            D~max~ = 3.97                                11.15
  D~mean~ = 1.05   3.08                                         
  Liver            D~max~ = 11.48                               33.76
  Lung             D~max~ = 15.50                               45.59
  D~mean~ = 1.27   3.74                                         
  Ribs             D~max~ = 19.90                               55.88
  Skin             D~max~ = 30.85                               90.74

![D~max~ values to the skin for all of the 25 patients](JCB-11-37359-g002){#f0002}

![D~max~ values to the ribs for all of the 25 patients](JCB-11-37359-g003){#f0003}

Radiation exposure to the lung was estimated by two parameters: the maximum dose (20.4 Gy) ([Figure 4](#f0004){ref-type="fig"}) and the mean dose to the whole organ (2.7 Gy) ([Figure 5](#f0005){ref-type="fig"}). It was equivalent to 20.6 Gy and 1.8 Gy at EQD~2~ recalculation. In the present study, D~mean~ was lower than normal dose rate in all cases, while 6 patients presented overdosed D~max~ by 0.7-7.4 Gy (0.4-5.5 Gy). After assessing of the overdosed volume, its location, and the mean dose, it was decided to make a course of brachytherapy. The median follow-up of these patients was 7 months (range, 4-11 months), during which no toxic effects were noted.

![D~max~ values to the lungs for all of the 25 patients](JCB-11-37359-g004){#f0004}

![D~mean~ values to the lungs for all of the 25 patients](JCB-11-37359-g005){#f0005}

As described above, it was necessary to take into account the dose limits for the heart or liver depending on the tumor bed location. Firstly, the heart was contoured in the case of left breast, and sometimes when tumor was located in the inner quadrants of the right breast. The liver was taken as OAR, when the tumor bed was in the lower quadrants of the right breast. Also, the choice of these OARs was affected by the size of breast volume. However, the final decision was made on the CT study with introducers in place. There were heart D~max~ and D~mean~ ([Figures 6](#f0006){ref-type="fig"} and [7](#f0007){ref-type="fig"}), and liver D~max~ ([Figure 8](#f0008){ref-type="fig"}) for those patients who required assessment of radiation exposure to this OARs. In all cases, the requirements of the protocol were followed.

![D~max~ values to the heart for 11 patients](JCB-11-37359-g006){#f0006}

![D~mean~ values to the heart for 11 patients](JCB-11-37359-g007){#f0007}

![D~max~ values to the liver for 5 patients](JCB-11-37359-g008){#f0008}

Discussion {#sec4}
==========

In our study, the dose--volume histograms contained information used to estimate the risk of radiation-induced toxic effect after APBI. The strongest link between the risk of radiotoxicity and DVH parameters was in the high-dose region. The risk could be quantitatively identified and prevented with DVH curves.

From an article of Roth *et al*. \[[@cit0018]\], it can be seen that with the use of the intraoperative mark, the mean value of V~100~ equals to 95.77%. At the same time, the mean number of needles was 15 (without marks V~100~ = 75.3%, N~needles~ = 11.3). In connection with the development of the method, at the initial stage, our V~100~ values were lower and affected the mean value. Further, we have refined the methods by determining the target and placement of introducers, which facilitated achieving almost 100% coverage of the d~ref~. Compared to this study, we used fewer introducers (in our study, the mean value of N~needles~ was 4), which provided greater patient comfort during the therapy.

Ahmad *et al*. reported a mean value for D~max~ to the skin of 30.9 Gy, which was comparable with our results \[[@cit0019]\]. According to Sinnatamby *et al*., D~max~ to the skin for all patients was 92.93%, while the ribs accounted for only 20.05% of the prescribed dose \[[@cit0020]\]. The value of the skin dose is identical to ours, while the ribs' doses have a significant difference. Most likely is due to different methods for estimating the radiation exposure to this OAR. Oshaghi *et al*. compared the mean doses to the skin and ribs using a multicatheter brachytherapy and treatment with MammoSite \[[@cit0021]\]. With the multicatheter brachytherapy, they achieved 23 Gy and 22 Gy, respectively. At the same time, the mean dose to the skin was 25 Gy and to the ribs 35 Gy with MammoSite. These data show the advantages of multicatheter brachytherapy over single catheter approaches (including MammoSite). Lasota *et al*. published their data on the assessment of the absorbed doses to the skin drawn with different contouring methods \[[@cit0022]\]. One of them was to draw 2 mm inside and 2 mm outside the body contour (Skin~4mm~). Another model was to expand 4 mm outside from the patient surface (Skin~EXT~). So, the dose for the first method was 81.02% of the prescribed dose, and D~max~ for Skin~EXT~ was 62.59%. However, in our opinion, it was more correct to take an indent of 2-5 mm (in our case, 3 mm) inside from the body surface for the skin, obtaining a non-significant difference in values.

Yoshida *et al*. analyzed one case among 46 patients with rib fracture occurrence \[[@cit0023]\]. They used a fractionation model of 6 × 6 Gy. As a result, the toxic effect was identified when the total dose to the ribs was 54.6 Gy. In our study, the maximum D~max~ was 50.1 Gy, but we should consider EQD~2~ value for these parameters. In the case of Yoshida *et al*., it was 132.1 Gy, and in our study, EQD~2~ value was 80 Gy. Thus, we acquired a significant difference with a recalculation. We compared our results with a study of Asai *et al*., where D~max~ was 42.4 Gy per four fraction (EQD~2~ = 115.3 Gy) \[[@cit0024]\]. In particular, comparisons were made between a whole breast radiotherapy (WBRT) and breast brachytherapy. For example, Smith *et al*. reported that rib fractures were 3.6% for WBRT and 4.5% for the brachytherapy \[[@cit0025]\]. The similar data were presented by Huo *et al*., with 1.3% for WBRT vs. 1.6% for brachytherapy. However, they noted that the risk of toxic effects with a multicatheter brachytherapy (1.3%) was lower than with a single catheter (1.8%) \[[@cit0026]\].

Conclusions {#sec5}
===========

Irradiation of early stage breast cancer with APBI is a standard post-operative treatment worldwide. Today in Russia, it is only gaining momentum. Multicatheter brachytherapy has the advantage over other types because this is the only radiation therapy after conserving surgery lasting less than a week. There are some important points in the development of this method, including criteria for proper patient selection, catheter administration, dose optimization, and quality assurance of radiation therapy.

The study reports the first dosimetric outcomes of the breast cancer brachytherapy in our center. In general, they are suitable for the developed standards in our center and do not contradict international recommendations; each case should be considered individually.

Since the article is a review of the first results, with small number of patients, further studies on investigating toxic effects and survival are necessary.
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